ABSTRACT
Introduction
With increased public environmental consciousness, the interest in bio-based packaging has increased. Packaging materials that are produced from renewable resources that can biodegrade after disposal and that can be utilized by plants and animals as nutrients are one solution to solid waste disposal to minimize the environmental impact of packaging. Films produced from food proteins are one type of bio-based packaging that reduces the usage of other natural resources. Protein films can be created from casein, collagen, corn zein, gelatin, soy protein isolate, wheat gluten and other food proteins [1, 2] . Edible protein films not only decrease environmental pollution, but can also enhance food properties such as flavour, appearance and nutritional value through natural additives or through inherent protein properties imparted to the film [3] . Protein films can carry antimicrobials, antioxidants, and scavengers to prevent food spoilage and increase food safety.
In this study, the bioavailability of heat-set protein films was measured. Heat-set protein films were developed from corn zein and soy protein isolate [4] . Corn zein films form tough, glossy, hard grease-proof coatings. Currently corn zein is used to coat nuts and confectionery items [5] . Soy protein isolate films aid in cohesiveness, adhesiveness, water and fat absorption and emulsification [3] . Soy protein has been shown to improve batter adhesion and reduce moisture migration in raisins and dried peas [6] [7] [8] [9] . In addition to current applications, new and expanded areas for bio-based films and coatings are of interest in the "Green" movement, including recycling packaging as animal and plant food.
Protein quality of edible films can be determined by various methods including in vitro and in vivo assays. The in vitro assay can determine protein digestibility and estimate the availability of amino acids [10] (AOAC, 1984) and is less time consuming and costly than in vivo assays. In vivo assays of protein quality examine the relationship between nitrogen intake and change in body nitrogen or some correlate of body nitrogen. Animal bioassays are frequently expressed as protein efficiency ratio (PER), net protein ratio (NPR), biological value (BV), and net protein utilization (NPU). The PER is the official method for determining protein quality in the United States and Canada as well as the official method for measurement of protein quality for nutritional labeling [10, 11] .
Many edible protein films are produced by casting. In casting corn zein films, the protein film is formed by suspending the zein in an ethyl alcohol solution followed by drying on a flat, non-porous surface [3] . Aqueous solutions of soy protein isolate (SPI) can also form films on stainless steel plates at high temperatures. Both the corn zein and the SPI will undergo phase changes due to a denaturation of the protein during film formation. Zein resin can be prepared for heat extrusion by mixing with long chain fatty acids followed by precipitation in water [12] and heat-extruded soy protein films can be prepared by adding cross-linking agents. In the current study, no cross-linking agents were added nor resin prepared prior to film formation and the proteins films were formed from directly from a mixture of a dry powder and a plasticizer combined under heat and pressure.
Heat denatures proteins by breaking weak interactions and interfering with hydrophobic interactions. This causes the protein to unfold from its native tertiary structure exposing reactive amino acid side groups. Denaturation can increase digestibility of protein by opening the tertiary and secondary structure facilitating digestion. In creating protein films, the native protein structure unfolds then reforms into more linear chains that form a film structure. Thus creating films from proteins may alter the digestibility or bioavailability of the protein. In light of this, the objective of this research was to determine if the formation of soy and corn protein based biodegradable packaging material affected the materials protein bioavailability. 
Materials and Methods

Materials
ANRC
Film Formation
The protein films were formed using a heat-set method described in an earlier study [4] . A protein mixture consisting of 70% protein (corn zein, F-4000 Regular Grade, Freeman Industries, Inc., Tuckahoe, NY or soy protein isolate, SUPRO  620, Protein Technologies International, St. Louis, MO) and 30% plasticizer (glycerin) was mixed with a mortar and pestle and dispersed onto a 7 × 7 inch aluminum plate (2.0 g of SPI; 3.5 g of zein). Another aluminum plate was placed atop the bottom plate then the aluminum plate sandwich containing the film mixture was pressed using a press (model 2629, Carver Inc., 1569 Morris Rd. Wabash, IN). The platens were closed under a force of 66 kN for 2 minutes at 150 C. After cooling in air for 2 minutes the film was peeled from the aluminum plate and held in plastic bags until needed. The prepared protein films were placed in a stainless steel container. Liquid nitrogen was poured onto the films. They were crushed using a mortar and pestle and then ground using an blender (Osterizer, Oster Corp., Milwaukee, WI).
In Vitro Protein Digestibility
In vitro protein digestion was performed on the corn zein films and corn zein powder [10] . Two enzyme cocktails containing intestinal enzymes were used to digest the test proteins. Solution A contained trypsin, chymotrypsin, and peptidase, and Solution B contained bacterial protease. Samples (0.5 ml) were taken at times 0, 5, 10, 15, and 20 minutes for gel electrophoresis. Samples (0.5 ml) of each enzyme cocktail were also retained for this purpose. Free amino acid analysis was performed on samples taken before and immediately following the protein digestion. The final pH of the protein solution was used to determine the percent digestibility of the protein using the following formula:
% Digestibility = 234.84 -22.56 (X),
where X= final pH.
Nitrogen Determination
A micro-Kjeldahl method was employed to determine nitrogen content of film materials. The digestion procedure involves the reaction of hot sulfuric acid with or- 3 . From there, the sample is boiled for a period of time in order to break down the intermediate compounds formed during the early stages of digestion. These compounds are more resistant to decomposition than the parent compound. They must be kept at or near the decomposition point of the intermediate for an extended period of time for thermal decomposition to occur. The distillation procedure involves the recovery and determination of nitrogen as ammonia. The most common method is heat distillation. Sodium hydroxide (NaOH) is slowly added to the digest. The heat of the reaction of the sulfuric acid and sodium hydroxide is great enough to cause the loss of ammonia. The ammonia is collected in an absorbing liquid (Boric acid) and the amount of nitrogen is measured by back titration with hydrochloric acid (HCl).
Gel Electrophoresis
Gel electrophoresis of the samples from the different digestion times were used to determine the amount of protein degradation over time. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the protein subunits of each in vitro sample. Ready Gels for the Mini-PROTEAN  II Cell (Bio-Rad Laboratories, Hercules, CA, 94547) containing 10% -20% TrisGlycine with 4% stacking gel, pH 8.8 were used as the standard gel. The gels were stored at 4˚C prior to use. Each timed sample from the in vitro digestion was combined with 0.5 ml/ml SDS reducing buffer containing bromophenol blue tracking dye. Samples were then placed in a boiling water bath for 10 minutes. Ten microliters of each sample and 10 microliters of each enzyme cocktail were applied to the Ready Gel. After electrophoresis, gels were stained with Bio-Rad Silver Stain (Bio-Rad Laboratories, Hercules, CA, 94547). Molecular weights of the fractions were estimated using the following known molecular weight standards: Broad Range SDS-PAGE Molecular Weight Standards (BioRad Laboratories, Hercules, CA, 94547), Insulin, and a protein standard.
Amino Acid Analysis
Free amino acid analyses were performed on samples before and after in vitro digestion. The samples were subjected to acid hydrolysis [13] . Under these conditions, three amino acids are largely destroyed (tryptophan, cyst(e)ine, and methionine). These amino acids are recovered through basic hydrolysis to recover tryptophan [14] and performic acid oxidation to recover cyst(e)ine and methionine [15] . Sample analysis was performed on a Dionex 2000I amino acid analyzer with a polystyrene sulfonic acid resin column and ninhydrin detection system.
In Vivo Protein Analysis
The availability and digestibility of the protein in the protein films were determined by in vivo methods using Sprague Dawley descended male rats. The rats were fed nutritionally adequate diets containing 10% protein (Table 1). The protein sources were all from a single source. Food intake, weight gain, and faecal output data were collected. Nitrogen analysis on the feces was performed. PER and NPR were calculated using these parameters.
Protein Efficiency Ratio and Net Protein Ratio Assay
Sixty male weanling Sprague Dawley descended rats were obtained from Charles Rivers Laboratories (Research Triangle Park, NC). The rats were fed a control mixture containing 10% protein from casein for an adaptation period of 3 days. The rats were then grouped into 6 groups of 10 rats each on the basis of equal mean body weights (58.3  0.5 g). Each group was assigned one of the six dietary regimens: protein-free, control, corn zein powder, corn zein film, soy protein powder, and soy protein film. Diet compositions can be found in Table 1 .
The experiment followed a completely random design with 10 replications per treatment. The rats were individually housed in wire-bottom cages and given food and distilled deionized water adlibitum. The environment was maintained at 72 F, 50%  10% relative humidity, with a 12-hour light-dark cycle.
At the end of a 10-day period, the group of rats fed the protein-free diet were euthanized. This group of rats was used to determine the net protein ratio. The remaining rats were euthanized at the end of the 28-day period.The rats were weighed bi-weekly and daily feed consumption was corrected for the amount of spilled feed. Faecal output was measured three times a week, dried at approximately 65˚C for 48 hours, and weighed. Faecal samples were pooled by rat for each of the four weeks. They were then ground using a Waring  blender prior to analysis. 
Statistical Analysis
Statistical analysis was performed using the SAS computer software package [16] . The general linear model and paired differences procedures were used to determine the significant differences between rats fed the different diets and among amino acids levels produced in the in vitro digestion. Significance of difference was based on the probability of a Type I error set at the 5% level.
Results and Discussion
Protein Determination of Corn Zein Films
The protein content of the corn zein powder was determined to be 87.16% and the corn zein film contained 63.17% protein. Amino acid profiles of corn zein powder and corn zein film can be found in Table 2 . Corn zein contains extremely small quantities of lysine and tryptophan, the essential amino acids. There are significant differences in the literature values and those found in this study for the amino acids isoleucine and leucine. This may be due to different sources for the raw materials used in the different studies.
In Vitro Digestibility
In vitro digestibility data showed that the digestibilities of corn zein powder and heat-pressed corn zein film were 77.45%  1.74% and 74.51%  1.74%, respectively. Free amino acid analysis of both the powder and the film before and after digestion can be found in Table 3 .
In a previous study [17] , the protein digestibility of soy protein isolate as 77.4%  0.15%. Dietary amino acids are necessary to synthesize protein and other biological molecules by providing nitrogen, energy and essential carbon skeletons. It is therefore necessary to study the amino acid content of any food product in order to understand how it will contribute to the diet. Both the corn zein powder and the heat-set corn zein film in this study released amino acids during digestion. The corn zein powder contains more free amino acids before digestion than the heat-set corn zein film. The protein in the heat-set film may be bound to the plasticizer, thereby tying up some of the potentially free amino acids or possibly may have been degraded via the Maillard reaction during heat-pressing. After digestion the corn zein film breaks down into the same amino acids as the non-heat pressed corn zein powder. This is due to the denaturation of the protein in the heat-set protein film. During denaturation, the protein is broken into peptide fragments. The unfolded protein and peptide fragments offer more locations for enzymatic activity to occur during digestion.
Gel Electrophoresis
Polyacrylamide gel electrophoresis is used to estimate the size of a polypeptide chain by measuring its mobility in the presence of the detergent sodium dodecyl sulfate (SDS). The size of the protein is estimated by its migration through the pores of a continuous gel matrix, where the smaller proteins migrate more rapidly than do large proteins. Protein subunits of samples taken during the in vitro digestion of both corn zein powder and heat-set corn zein film were separated using the SDS-PAGE technique. This procedure showed the increase in digestion into protein subunits over time. Protein-SDS complexes have electrophoretic mobilities through polyacrylamide gels inversely proportional to the logarithm of the length of the polypeptide chain. Using this relationship, the molecular weights of the protein subunits were calculated ( Table 4) .
During SDS electrophoresis, SDS disrupts and masks properties other than those regarding information dealing with the length of the polypeptide chains. The molecular weight of the unknown polypeptide chain can only be determined to within 10% of the true value when comparing the mobility of an unknown protein with that of a set of standard marker proteins. Abnormalities in SDS binding or protein conformation, large differences in intrinsic protein charge, and covalently attached nonprotein moieties (especially carbohydrates) can affect the relative mobility of the protein on the gel [18] .
Protein Efficiency Ratio (PER) and Net Protein Ratio (NPR)
Protein intake and weight change for each treatment group were monitored over the 28-day period (Figures 1  and 2 ). Both groups of rats fed corn zein were euthanized at 14 days due to unexpected weight loss greater than 10% of total body weight and loss of appetite. It is suspected that the rats fed both the corn zein powder diet study. They also continued to increase their protein intake during the study. The effect of diets containing suboptimal concentrations of protein can result in the immediate response of decreased food intake [19] . Possibly due to this phenomenon or due to their loss of appetite in the second week, the rats fed the corn zein diets decreased their protein intake, by decreasing their total food intake. Protein efficiency ratio and net protein ratio was determined at both 14-and 28-days ( Table 5, Figures 1  and 2) . The PER values for the corn zein powder and heat-set corn zein film were negative in the 14-day PER due to the loss of weight of the test animals during that period. The NPR values for corn zein powder and heatset corn zein film were positive, however, because the protein-free treatment group lost more weight during that same period. Soy protein isolate PER and NPR values were slightly lower than expected. There is relatively no difference between the soy protein isolate powder and the soy protein isolate heat-set film for the PER and NPR.
Heat processing of soy protein isolate denatures the protein and increases the nutritive value. Raw soy protein isolates contain sufficient levels of trypsin-inhibiting activity to cause significant pancreatic hypertrophy in rats. During heat processing, the trypsin inhibitor of soy protein isolate is inactivated. The soy protein isolate used in this study was heat-processed during preparation. Thus, 
